A time-to-failure method developed from the accelerating seismic en ergy release model is used to scrutinize the seismicity of central Taiwan 
INTRODUCTION
Taiwan is located on the collision boundary of the Eurasian and Philippians Sea plates where most earthquakes occur in the eastern subduction zone and western compression fault zone. Since major cities are located in the western Taiwan with very high population, and more than 10 highly-destructive earthquakes have occurred in the past century; the recent 1999 Mw 7.6 Chi-Chi Taiwan earthquake is the most devastating example, earthquake hazard and prevention is an environmental issue of great importance. The study of precursor is an interesting subject and worth of investigating in this area; thus, seismicity in central Taiwan was studied using accelerating seismic energy release model.
The accelerating seismic energy release model is based on time-to-failure method, which describes a seismic energy release relationship between pre-events and mainshock by a non linear equation. This model was developed from fracture mechanics and crack propagation in the elastic media (Das and Scholz 1981) and was used originally to explain the phenomena of crack growth and pre-shocks. Later on, it was extended to study the earthquake precursor (Varnes 1989; Bufe and Varnes 1993; Bufe et al. 1994 ). Braile (1998, 1999 ) modi fied this model by proving that two constant ratios, km-1 [see equation (l) ], is a function of mainshock, thus reducing four unknowns to three. They used this modified time-to-failure method for the New Madrid and Southern California areas to forecast intermediate-term earthquakes, and found that seismicities in these two areas can be fitted into an accelerating seismic energy release model. The data used in this study is from the earthquake catalogue of Taiwan from 1973 to 1998 in the area of 23°N -24°30'N and 120°E -121°20'E, as shown in Fig. 1 . 
SELECTION OF MAINSHOCK AND PRE-SHOCKS
In order to identify mainshocks and their pre-events from the catalogue, some restrictions ought to be clarified. Four rules are used to opt for mainshock, those are: 1. There are at least 10 minimum pre-events whose magnitude must greater than magnitude completeness (Mc) 2.
More than 6 years of pre-shocks data is needed, thus, mainshock should be searching since 1979, 3. Disturbing events do not exit, which means that there are no earthquakes with M � 4.5 occurring three days before mainshock (Brehm and Braile 1999) , and 4. Mainshock should not be an aftershock of a large event, thus, declustering after larger event is needed in advance. The sorted mainshocks in central Taiwan that satisfy above regulations are displayed in Table- 1, where the 6 largest mainshocks are marked in alphabetic order from a to f for later discussional examples. The magnitude completeness is determined from the distribution of magnitude frequency, as shown in Fig. 2 for Central Taiwan, where the minimum magnitude that satisfies the. linear part is chosen. Using Z-map software (Wiemer 2001) , Mc = 2.4 is determined for central Taiwan; therefore, only earthquakes with magnitude greater than 2.4 in the catalogue are used.
To search for pre-shocks for each mainshock, a proper radius, R, which is defined by the distance between mainshock of magnitude Mi and the nearest pre-shock with magnitude greater than Mi -0.5, has to be determined .. The proper radius is related to the magnitude of mainshock with relationship of log R oc 0.36Mi (Jaume and Sykes 1999) . The variation of R for chosen mainshocks in Central Taiwan lies in 2.2 km to 57 .9 km. Earthquakes with M �Mi -2 located in a circle of radius R, with center in the hypocenter of mainshock, are classified as pre-events, and at least 10 of them are necessary for each chosen mainshock. The pre-shock sequences for the 6 largest mainshocks, marked with triangles, are selected based on above the mentioned regulations and are shown in Fig. 3 .
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METHOD
The time-to-failure equation developed from fracture mechanism and crack propagation was rearr anged (Bufe and Varnes 1993) and modified (Brehm and Braile 1999) as follows: (1) where L, JE is cumulated square root of earthquake energy in a selected area; K pe is cumu lated square root of pre-event energy; Kms is square root of mainshock energy; t f represents time-of-failure of predicted earthquake, and m, k are constants.
The energy in equation (1) is transformed from magnitude by first converting local mag
And then M0(N-m) is converted into energy E (N-m) by (Kanamori 1977) 
The main principle of the modified time-to-failure method is to reduce the number of unknowns by searching for a relationship between km-1 and M0. Brehm and Braile (1999) combined the characteristic of fault mechanic (Varnes 1989) and the relationship between seismic moment and fault length (Kanamori and Anderson 1975) to derive an equation as follows,
where A, B are unknown constants. The meaning of equation ( 4) is that Iqn-1 is a function of the magnitude of the mainshock; thus, A and B need to be determined in advance for a specific area.
First, 71 earthquakes with M L :?: 4.5 from 1979 to 1998 in central Taiwan are picked, but only 40 of them satisfy the condition mentioned above as mainshocks, and are listed in Table- 1. Second, the proper radius and pre-events of each mainshock are classified. Assume that there are N pre-events for each mainshock, then rearrange equation (1) into following form for the former i-th pre-events, and i = 1-N (5) is marked by a circle, whereas, the relationship in equation (4), therefore, can be found through linear least-square method. A = 0.4964, B = -1.9491 in equation (4) are then determined.
Rewrite equation (1) as (9) Substituting equation (8) into (9), the accelerating seismic energy release model of central Taiwan is determined.
DATA ANALYSIS
To predict time-of-failure and magnitude of mainshock from the constructed model of equation (9), the procedure is first taking the time of the last pre-event plus 0.02 years as a starting time, and then covering up the next four years as a predicting time-range. Secondly, the predicted earthquake magnitude lies in 4.5 to 7.0. The time-range (four years) and magni tude-range (4.5 -7.0) are arranged as horizontal and vertical axes, respectively, with 0.01 as increment in time and magnitude. Thus, there are many grids, each corresponding to an as sumed time-of-failure ( t 1) and mainshock energy ( Kms ), as defined in this time-magnitude coordinate. Putting t 1 and Kms of the mainshock and K pe and t of pre-events into equation (9), an accelerating seismic energy released curve ( L. jE;) for all pre-events and the mainshock is obtained. Finally, comes calculating rms of L. jE; and assigning this value for each grid.
The procedure is repeated until all grids are completed. The grids, that hold the predicted time of-failure and the magnitude is the one that has a minimum value of rms of L.jE"; . The isomaps of rms (rms > 10 are not plotted) of L.jE"; for the largest 6 earthquakes among 40 mainshocks in Table- 1 (marked with alphabetic from a to f) are illustrated in Figs. 5a, b, c, d , e, f, where horizontal and vertical axes are time-of-failure and magnitude, respectively. The black point marked the predicted time and magnitude that correspond to the grid with a mini mum rms of L. jE; , while a star in each figure marks the true earthquake. The best prediction is in Fig. 5c for the 1983, M L = 5.8 earthquake where the predicted value is almost the same as the true one. It is not perfect for the other five predictions, but they are in an acceptable rank. The predicted (solid lines) and true (dashed lines) energy acceleration curves of the above 6 mainshocks are displayed in Figs. 6a, b, c, d , e, f. A similar procedure is used to predict the time-of-failure and magnitude for all 40 mainshocks listed in Table- 1. The differences in magnitude and time-of-failure between pre dicted and true values for these 40 mainshocks are analyzed separately and displayed in Figs. 7 and 8, respectively. The magnitude difference shown in Fig. 7 reveals that the misfit is less than 1.2 with standard deviation 0.45 magnitude unit, and the time difference shown in Fig. 8 indicates that the misfit is less than 0.98 years with standard deviation 0.36 years, except for the 1994 M L = 4.7 earthquake that has a 3.32 year misfit. In general, those differences in magnitude and time-of-failure are sensible, which imply that the seismicity in central Taiwan gratify the energy acceleration model as well. ---, 1976 1980 1984 1988 1992 1996 2000 MAIN SHOCK TIME SERIES 1976 1980 1984 1988 1992 1996 2000 MAIN SHOCK TIME SERIES Fig. 8 . Time differences between predicted and true time-of-failure. Although there is one with 3.32 years departure, the maximum difference is in a reasonable rank of 0.98 years.
DISCUSSIONS AND CONCLUSIONS
An accelerating seismic energy release model was constructed on the basis of self-orga nized criticality, and then extended to the time-to-failure method for earthquake forecast using the pre-events of mainshock. Statistically vocalizations, the more pre-events the better model can be found, thus, at least 10 pre-events are needed for reliability. The second constraint is that the selected areas must have similar geolcigical features such that their seismicities are comparable. The areas of central Taiwan chosen in this study, located in the continental plate, indeed satisfy this condition, and, thus, results of Figs. 7 and 8 are reasonable. Some of the selected pre-events were, but not necessarily located on the major fault where mainshock occurred. The reason this question might not be easy to answer is that the processes of earth quake nucleation and stress redistribution are far too complicated. However, based on the theory of seismic gap, very few earthquakes have been observed inside while many pre-shocks have been detected around the gap. To the contrary, the concept of characteristic earthquake implies that pre-shocks may occur on the major fault before critical point is reached. The third factor to be taken into account is the number and magnitude of mainshock. Based on magni tude-frequency distribution, Braile (1998, 1999) chose different magnitude ranges for their investigation in the areas of New Madrid and southern California because the former has fewer earthquake activities than the later. To contain enough mainshocks, they choose magnitude of mainshock from 3.5 to 6.2 and from 5.5 to 7.3 for the areas of New Madrid and southern California, respectively. In this study, magnitude of 4.5 to 7.0 were selected in cen tral Taiwan; however, this range must be justified when applying it to other areas of Taiwan where their magnitude-frequency distributions are different due to different geological condi tions and seismicities.
In calculating unknown parameters of k and m (equation 1), Brehm and Braile (1999) used the nonlinear least-square method directly, while we separated it into two linear equa tions (4 and 5) and estimated them by applying linear-least square twice. An interesting result is that the estimated values of the constants A and B in equation ( 4) are very close to theirs [equation (14) in Brehm and Braile 1999] , even though calculation procedure and investiga tion area are different.
According to the error analysis of Figs. 7, 8, the maximum predicted magnitude devia tion is 1.2 units and time-of-failure is 0.98 years. Such departures are acceptable when consid ering intermediate-term earthquake forecasting. As a result, we may conclude that the seis micity of central Taiwan satisfies the accelerating seismic energy release model, which might be a useful tool for the future study of seismicity.
